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Shell-Model Structure of ~Ti Studied via the (d, t) and (a, n') Reactions
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Measurements of the "ri(d, t) 'Ti reaction have been carried out at 18 MeV with an energy
resolution of about 10 keV. Single-particle strength distributions for 1 =0, 2, and 3 have been obtained

up to excitation energy of 7 MeV in 'Ti. About 85% of the l =3 strength is found in states below
3.6 MeV, and the total I =3 strength is consistent with the sum rule limit for 1f7/2 transfer to T =2
states. About three quarters of the sum rule limit for the I =2 strength (assumed be 1d 3/2) and half the

limit for the t =0, 2s I/2 strength is observed, with lower limits for the centroid energies of 5.36 and
5.17 MeV for the 1d „,and 2s „, hole, respectively. Measurements of inelastic a scattering on Ti
have also been carried out at an incident energy of 28.5 MeV with a resolution of 18 keV. These
measurements provide many new spin-parity assignments for natural parity states in Ti. In
combination with the pickup measurements, they provide identification for the centroids of the
J'~ = (2,3,4,5) states of the (f7/2 Xd 3/2 }multiplet.

I. INTRODUCTION

The structure of 4'Ti at low excitations has been
investigated by neutron stripping and pickup reac-
tions, ~ ' two-particle stripping and pickup, ' "and
inelastic scattering of protons, ""deuterons, ""
and n particles. "" In addition, precise excita-
tion energies and some spin-parity assignments
have been made via (p, p' y), (n, n'y), and (n, y)
measurements. '4 " A compilation of these re-
sults, except for those of Ref. 16, has been pub-
lished by Rapaport. " One more recent (n, y)
measurement" extends earlier results to higher
excitations and provides spin and parity assign-
ments for a few more levels.

The original motivation for the present pickup
measurements was to study the negative-parity
states Z" = (2, 2, 4, 5) arising from the coupling
of a 1d,&, hole to 1f», particles in the 4'Ti ground
state. In addition to the strength distributions for
l=2 (assumed to be ld, I,), distributions were ob-
tained for 1 =0 (2s», ), and I =2 (assumed to be
1f,~, ) up to an excitation energy of 1.1 MeV. Since
most of the levels above about 4 MeV excitation
do not have spin-parity assignments, inelastic
o.-scattering angular distributions were measured
to identify natural-parity states.

II. EXPERIMENTAL TECHNIQUES

The experiments were performed at the Univer-
sity of Rochester's Nuclear Structure Research
Laboratory using the tandem Van de Graaff ac-
celerator. The reaction particles were momen-
tum-analyzed in the split-pole magnetic spectro-
graph and detected in emulsion plates placed in
the focal plane of this magnet. Most experimental
details were identical to those used in the study of
4'Ca described in a previous paper. "
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FIG. 1. Triton spectrum from the 9Ti(d, t)+Ti re-
action.

Line targets 1 mm in width and about 90 pg/cm'
in thickness of 4'Ti were made by evaporating en-
riched TiO, ("I6.14% 4'Ti) on 20-pg/cm' carbon
foils, using an electron-gun evaporator. Kith an
incident deuteron energy of 18.0 MeV the over-all
energy resolution obtained was 9-10 keV [full
width at half maximum (FWHM)]. Measurements
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were carried out for the angular range 7.5-45' in
2.5 or 5 intervals.

The 48Ti(n, n')4'Ti reaction was studied with
28.5-MeV incident n particles, The ~ Ti targets
of about 50-gg/cm' thickness were made by re-
ducing the isotopically enriched titanium oxide
(99.18% 4'Ti) in a tantalum boat and evaporating
the 4'Ti on 20-p, g/cm' carbon foils. Measure-
ments were made at laboratory angles of 13-45'
and with angle steps of 2 or 3' at forward and 5'
at backward angles. The observed energy resolu-
tion was about 18 keV (FWHM).

III. EXPERIMENTAL RESULTS AND DISTORTED-WAVE
BORN-APPROXIMATION ANALYSIS

A typical spectrum of tritone from the 4 Ti(d, f )-
'Ti reaction is shown in Fig. l. Groups arising

from the 'Ti and ' Ti impurity in the target were
readily identified. Typical angular distributions
are shown in Fig. 2 for some of the strong groups.

The distorted-wave (DW) analysis of the mea-
sured angular distributions was carried out as
described in a previous paper. " D% calculations
using the same optical parameters and lower cut-
off radius as for 4'Ca(d, t)4'Ca were found to give
excellent fits for transitions which involved a
single I value. For transitions involving a mix-
ture of / values, a least-squares program was
used to obtain the best fit for assumed mixture of
two l values. Typical fits are shown by the solid
curves in Fig. 2.

Transfer l values and spectroscopic factors are
listed in Table I for the states observed in these
measurements. The table also lists states identi-
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FIG. 2. Triton angular distributions observed in the
Ti(4, t) Ti reaction. The solid lines represent DW

fits to the data.

FIG. 3. Typical angular distributions observed in the
Ti(0., 0.')+Ti reaction. The solid curves represent DW

fits to the data.
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IV. DISCUSSION

The results of the present measurements have
been summarized and compared with previous re-
sults in Table I. The spectroscopic factors re-
ported for the present measurements have as-
sumed If», transfer for l =3, 1d+, for /=2 and

2s», for l=0. The neglect of If,&, transfer has
some justification in the observation that the
strength of I = 1 transfers indicates little p-state
excitation in the ~'Ti ground state. The total l =1
strength shown in Table II indicates an occupation
probability of 6/o for the 2p neutron orbits, and
the 1f„,excitations would be expected to be of
comparable magnitude. The 1d», strength is ex-
pected to be important at energies several MeV
higher than the Id,&, strength which appears to be

TABLE II. The observed and expected total pickup
strengths for the T& =2 states in Ti. Strength 6&
—Q Q2$

Spectroscopic strength
l =0 l =1 l =2 (d„,} l =3 (f„,}

Observed 1.07 0.32
Sum rule 1.66 0.00

2.72
3.33

7.70
6,66

fied in other measurements along with existing
spin-parity assignments. In general, it has been
assumed that the same level is being observed in
the (n, n') or (n, y) measurements as in (d, t) if
the energies agree within 5 keV, and the indicated
spins and parities are consistent. The suggested
correlation between (d, p)' and (d, t) measure-
ments is less certain. Above 3 MeV excitation,
the energies reported in (d, p) appear to be higher
than those in (d, t) by about 12 keV on the average
We have assumed that the same level is excited
in both reactions if the reported energy from the
(d, p) results is between t and 17 keV higher than
the present results, and if the spin-parity limita-
tions are consistent in both measurements. If the
latter requirement is not met, it has been assumed
that different components of an unresolved doublet
are excited in different reactions, and the different
spin-parity combinations are both listed in the last
column.

Angular distributions for typical results of the
inelastic n-scattering measurements are shown
in Fig. 3. The solid curves show the distorted-
wave Born-approximation (DWBA) calculations
using the same optical parameters as were used
for the "Ca(n, o. ') measurements. In general, the
resultant fits permit assignment of I, transfers
and spin-parities for the states excited. These
assignments are also summarized in Table I.

concentrated in the energy range from 4.9 to 6.1
MeV. It is thus expected that most of the 1d,&,
strength would be at higher excitation energies
than have been studied here, though small contri-
butions are probably present in some of the ob-
served 1 =2 transitions.

For all strongly excited levels, the transfer l
values involved could be unambiguously identified
using a least-squares fitting program. For some
of the weaker states identification was less cer-
tain, and these are shown in parentheses. In these
cases, the value listed gives the best fit to the ex-
perimental data, but other possibilites could not
be completely excluded. Between 4 and 5 MeV ex-
citation, elastically scattered deuterons produced
a background which interfered with the identifica-
tion of triton groups at some angles. Most of the
uncertain l assignments fall in this region, and
generally are the result of missing points in the
angular distributions.

The total /=3 strength observed in these mea-
surements is about 20%%ug greater than the sum rule
limit for 1f», pickup to T, =2 states, assuming a
ground-state configuration of (f„,)' for 'Ti. This
is quite satisfactory considering the fact that the
optical parameters are taken from the analysis of
the "Ca(d, t)4'Ca results without fvrther adjust-
ment or renormalization. The distribution of E =3
strength for transitions to states up to 3.61 MeV
is in good agreement with the results of earlier
(p, d) measurements' except for a difference of
about 25%%d in over-all strength. In addition, the
improved resolution in the present measurements
permits the observation of weaker states not ob-
served in (p, d ).

A comparison between the present results for
l =3 pickup and the predictions of a model calcula-
tion" assuming only 1f„,particles is shown in
Fig. 4. It is clear that the model predicts the lo-
cation and strength very well for many levels be-
low 4 MeV, although the observed strength is too
low for the second 2+ state at 2.421 MeV, and too
high for the 6 state at 3.333 MeV. It is interest-
ing that the lowest 1 state, predicted at 3.83 MeV
with a strength 8 = 0.01 is observed at 3.V39 MeV
with S=0.02. Another prediction of the model is
a 3' state at 3.01 MeV. The state observed at
3.224 MeV has recently been tentatively assigned"J' = (3'), and this assignment is supported by the
fact that the state is not observed in inelastic n
scattering. The observed state is certainly more
complex than the model state, however, as it is
excited partly by l = 1 pickup, and is strongly ex-
cited by /= 1 stripping in the '"Ti(d, p)"Ti reac-
tion. ' It is also probable that the strongest l=3
transition above 4 MeV (5.1"lO MeV, S =0.23) cor-
responds to the 6' state which is predicted at
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PRESENT RESULTS
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FIG. 4. Comparison of the observed E= 3 strength with that predicted by the McCullen, Bayman, and Zamick (MBZ)
calculation for the 49Ti(&, t}+Ti reaction.

4.97 MeV with 8=0.27.
Further information on the structure of these

even parity states is provided by a comparison
with results of the "Ti(d,P)"Ti measurement
which show relatively strong $= 1 transitions to
the states at 2.421, 2'; 3.224, (3)'; 3.371, 2+;
and 3.617, 2 . This result indicates the impor-
tance of excitation into the 2P orbit even for the
low-lying states. At excitations above about 4

MeV, configuration mixing is expected to be im-
portant, and this is borne out by the large num-
ber of strongly mixed transitions observed in
pickup as well as stripping.

Another interesting result in the (d, P) measure-
ments is the observation of stripping transitions
with a strong I=3 component to states at 5.398,
5.510, 6.509, and 6.701 MeV. These are pre-
sumably lf », transitions, and the fact that none
of these states is excited in the pickup reaction
provides additional support for the assumption
that 1f», excitations in the "Ti target ground
state may be neglected.

Among all the low-lying states, the 0+ state at
3.00 MeV is the only one clearly outside the model
space spanned by coupling a hole to the 4 Ti
ground state .(g.s.) or a particle to the ~'Ti g.s.

At least 19 negative-parity states formed by
coupling a 2s»~ or 1d~ 3jg) hole to the 'Ti g.s.
have been observed in these measurements. In
addition, five weakly excited states are tentatively
identified as having negative parity. This total of
24 states is to be compared with the 6 expected on
a simple weak-coupling model. Assuming a simple

(1f», )' configuration for the ' Zi ground state and

normalizing the observed total strengths so that
the sum rule limit for the k = 3 (1f», ) transitions
is met, then the total f =2 strength amounts to
about 72/0 of the sum rule limit for 1d3/Q pickup,
while the total 8 =0 strength is only about 56% of
the sum rule limit for 2s», pickup. It may be
reasonable to assume that all 1d», strength has
been observed, within the usual uncertainties of
the D%BA, but it appears that a significant frac-
tion of the 2s, &, strength has not been observed.

From the (n, n') results it is possible to identify
a large number of 3 states which are generally
strongly excited ln lnelastlc scattering, along with
one 5 state at 4.917 MeV. If it is assumed that
the negative-parity states not excited in (n, n')
have unnatural parity, then it is possible to use
the pickup results to place rather narrow limits
on tbe centroids of the (f», 'x d», '), 8 '
=(2, 3, 4, 5) states Only tb. ree states with Z'=3
are excited by /= 2 pickup, and the strength in
those states is consistent with that expected for
the 3 state of the simple multiplet. The centroid
energy of these states is 5.91 MeV. The single 5
state at 4.917 MeV contains most of the expected
5 strength. Candidates fox assignment as 5
states must exhibit pure I=2 pickup, and hence
could be only the states at 4.993, 5.314, 5.544, or
5.886 MeV. The first two states are unlikely to
have J'=5 since the strength of either of these,
taken along with that of the 4.917-MeV state mould
exceed the expected limit for the 5 state. Of the
remaining two states, the one at 5.544 MeV is
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definitely not excited in the (a, n') reaction. The
state at 5.886 MeV is apparently excited with 4I
= 2, indicating an unresolved doublet near this en-
ergy. Both states exhibit the same strength in

pickup, which is approximately that needed to
satisfy the sum rule limit for 5 . Thus the 5

centroid can be located at 5.01 or 5.07 MeV, with
the higher energy somewhat more probable. The
2 states must also be excited by pure l =2 pickup,
and thus could be states at 4.993, 5.314, and

5.544 or 5.886 MeV. Of these, the 5.314-MeV
state carries too much strength to permit the 2

assignment, while the 4.993-MeV state plus
either one of the other two carry about the ex-
pected total strength. ff the 5.886-MeV state is
accepted as 5, then the 2 centroid can be lo-
cated at 5.15 MeV. The state at 5.314 MeV which
shows a strong l=2 transition, and is not excited
in (n, n') is a good candidate for a 4'=4 assign-
ment. The strength is about '15% of the sum rule
limit for 4 . The states then remaining as candi-
dates for 4 assignment are the l =0+2 mixed
transitions at 5.640, 5.801, 6.327, 6.623, 6.797,
and 7.042 MeV. If all these are in fact 4 states
then the measured strength exceeds the 4 sum
rule limit by about 300/0. However, for states
above 6 MeV of excitation, the cross sections are
small and l discrimination rather uncertain. Also
the excitation of the ld», -hole strength may be-
come significant at these energies. The three
states at 5.314, 5.640, and 5.801 MeV would ap-
proximately satisfy the 4 sum rule limit, and

give a lower limit of 5.40 MeV for the 4 centroid.
If the other states mentioned are included, the
centroid would be located at 5.73 MeV. The cen-
troid of the total /=2 strength is located at 5.36
MeV.

The l= 0 strength is seen to be rather more
fragmented and spread over a wider energy re-
gion than the f =2 strength. Since the total /=0
strength is appreciably less than the sum rule
limit, the present data for the (f», '&& 2s», '),
J'=3, 4 states may be of questionable validity.
As a first approximation however, we may assume
that all 3 states below 7.1 MeV have been identi-
fied in the (n, n') reaction, and that all other
states showing l=0 pickup have J'=4 . If this is
done, it is found that the ratio of total strengths

for 3 and 4 states is very close to that expected
for the pure states. This result may indicate that
all the f = 0 strength has in fact been observed,
and that the total strength is being seriously
underestimated by the DWBA. Alternatively it
may be simply that both the 3 and 4 states have
the same fraction of their strength in transitions
to states above the upper limit of 7.1 MeV excita-
tion observed here. The observed centroids are
4.47 MeV for 3 and 5.70 MeV for 4, with the
over-all centroid for the multiplet at 5.17 MeV.

SUMMARY

The observed sum total strengths for the single-
neutron pickup from the l =0, 1, 2, and 3 orbitals
(assumed to be 2s»„2P»„1d»„and 1f,~, ) are
listed in Tabel II and compared with the expected
sum rule values. The results for l =3 pickup
transitions below 4 MeV are in generally good
agreement with a model calculation, assuming
only 1f», particles. Comparison of the ~'Ti(d, f)
and "Ti(d,P) results indicates that the positive-
parity states not predicted by this model are
mainly due to the [(1f»,)'x 2p] configuration.
The observed 2s«, and ld&»» pickup strengths
are fragmented among about 24 levels, as com-
pared with the 6 expected on a simple weak-cou-
pling model. Within the usual DWBA uncertainties,
it can be assumed that all the 1d3/2 strength has
been observed, with the centroid at 5.36 MeV. As
a result of the present (o., n') work, spin assign-
ments have been made for many natural-parity
states. Based on the (d, f) and (n, n') results,
suggestions have been made for spins of some of
the states and rather narrow limits are placed on
the centroids of the members of the [(lf,&,

)'
x 1d», '], J'"=(2, 3, 4, 5) multiplet. The 2s»,
pickup strength is seen to be more fragmented
than the f=2 strength. Assuming all the l=0
states not observed in the (n, n') work are 4
states, then it is found that the ratio of total
strengths for 3 and 4 states is very close to the
expected value. Lower limits are established for
centroids of the [(lf,i,)'&&2s,l, '], J'=(3, 4) multi-

plet, but further measurements are needed to
determine whether states above 7.1 MeV carry
appreciable l = 0 strength.

*Work supported by a grant from the National Science
Foundation.
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